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SUMMARY 
The NASA Langley transonic dynamics tunnel,  which has a v a r i a b l e  dens i ty  
During the  15  years 
Freon-12 (or air)  test medium, w a s  designed s p e c i f i c a l l y  f o r  t h e  study of 
dynamics and a e r o e l a s t i c  problems of aerospace vehic les .  
of operation of t h i s  f a c i l i t y ,  t h e r e  have been var ious  oppor tuni t ies  t o  compare 
wind-tunnel and f l i g h t - t e s t  r e s u l t s .  Some of t hese  oppor tuni t ies  arise from 
rou t ine  f l i g h t  checks of the  prototype; o thers ,  from c a r e f u l l y  designed compara- 
t i v e  wind-tunnel and f l i g h t  experiments. This paper br ings  together i n  one 
p lace  a c o l l e c t i o n  of such d a t a  obtained from various published and unpublished 
sources. The top ic s  covered are: gus t  and b u f f e t  response, con t ro l  su r f ace  
e f fec t iveness ,  f l u t t e r ,  and active cont ro l  of a e r o e l a s t i c  e f f e c t s .  Some bene- 
f i t s  and shortcomings of Freon-12 as a test  medium are a l s o  discussed. Although 
areas of uncer ta in ty  are evident and there  is  a continuing need f o r  improvements 
i n  model simulation and t e s t i n g  techniques, t h e  r e s u l t s  presented here in  indi- 
cate t h a t  pred ic t ions  from a e r o e l a s t i c  model tests are, i n  general ,  subs tan t i -  
a ted  by f u l l - s c a l e  f l i g h t  tests. 
INTRODUCTION 
A t  t h e  time t h e  forerunner of t h i s  symposium (Symposium on F l igh t  F l u t t e r  
Testing held i n  Washington, D.C. ,  May 1958) w a s  held 1 7  years  ago, a new tran- 
sonic wind tunnel w a s  nearing completion a t  NASA Langley Research Center. 
Designated the  Langley transonic dynamics tunnel (TDT), i t  has served, s ince  
becoming opera t iona l  i n  1960, as a National f a c i l i t y  devoted exclusively t o  
work on dynamics and a e r o e l a s t i c i t y  problems of a i r c r a f t  and space veh ic l e s  i n  
the  transonic speed range. 
An e s s e n t i a l  d i f f e rence  between the  TDT and wind tunnels employed primarily 
i n  steady-state aerodynamic inves t iga t ions  s t e m s  from t h e  sca l ing  requirements 
which must be s a t i s f i e d  i n  a e r o e l a s t i c  model s tud ie s .  For example, i n  aqd i t ion  
t o  t h e  need f o r  adequate simulation of t he  aerodynamic flow f i e l d  about t h e  
model, i t  is  a l s o  necessary t h a t  t h e  model s t i f f n e s s ,  m a s s ,  and i n e r t i a  proper- 
t ies  simulate those  of t he  f u l l - s c a l e  s t r u c t u r e  and t h a t  t h e  r a t i o  of s t r u c t u r a l  
*This paper is  e s s e n t i a l l y  t h e  same as a presenta t ion  e n t i t l e d  "Comparison 
of F l i g h t  Measurements With Predic t ions  From Aeroe las t ic  Models i n  t h e  NASA 
Langley Transonic Dynamics Tunnel," by W i l m e r  H. Reed 111, presented a t  the  
46th AGARD F l i g h t  Mechanics Panel Symposium on Flight/Ground F a c i l i t y  
Correlation, Va l lo i r e ,  France, June 9-12, 1975. 
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dens i ty  t o  test-medium dens i ty  be t h e  same f o r  model and f u l l  scale, To a i d  i n  
s a t i s f y i n g  these  requirements, t h e  TDT uses a variable-d 
e i t h e r  air  o r  Freon-12, The primary test medium, Freon-12, is  four  times as 
dense as a i r  and has a speed of sound about one-half t h a t  of air; thus heavier 
and less expensive models m&y be used and t h e  tunnel power requirements reduced. 
Some main f e a t u r e s  of t he  f a c i l i t y  are indicated i n  f i g u r e  1. 
Experlmental a e r o e l a s t i c  research a l s o  imposes demanding requirements f o r  
spec ia l ized  t e s t i n g  techniques. A review of such t e s t i n g  techniques developed 
by the  s t a f f  of t h e  Langley transonic dynamics tunnel f o r  use  i n  s t u d i e s  of 
var ious  s t a b i l i t y ,  cont ro l ,  and response c h a r a c t e r i s t i c s  of elastic a i r c r a f t  is 
given i n  re ference  1. 
From time t o  time during the  15-year period of operation of t h i s  f a c i l i t y ,  
t he re  have been various oppor tuni t ies  t o  compare the  r e s u l t s  from wind-tunnel 
and f l i g h t  tests. Some of t hese  oppor tuni t ies  arise from rou t ine  f l i g h t  checks 
of t h e  prototype, o thers  from ca re fu l ly  designed comparative wind-tunnel and 
f l i g h t  experiments. This paper brings together i n  one place a c o l l e c t i o n  of 
such da ta ,  gleaned from var ious  published and unpublished sources, f o r  t he  
purpose of addressing the  question: 
models, t e s t ed  i n  a Freon-12 wind-tunnel environment, p r e d i c t  t h e  behavior of 
t h e i r  fu l l - s ca l e  counterparts i n  f l i g h t ?  To t h i s  end, some advantages and 
shortcomings of Freon-12 as a wind-tunnel test medium are considered and then 
se lec ted  comparisons between wind-tunnel and f l i g h t  tests i n  areas r e l a t i n g  to  
dynamic response, s t a t i c  a e r o e l a s t i c i t y ,  f l u t t e r ,  and active-controls research 
are presented e 
How w e l l  can dynamically scaled a e r o e l a s t i c  
AIR-FREON COMPARISONS 
Before comparing test  r e s u l t s  obtained i n  the  Langley t ransonic  dynamics 
tunnel with f l i g h t  da ta ,  a few comments are i n  order on air-Freon d a t a  compari- 
sons since,  by f a r ,  most of t he  tests conducted i n  t h i s  f a c i l i t y  make use of a 
Freon-12 test medium. (Air can a l s o  be used as a test medium.) Freon-12 has 
seve ra l  c h a r a c t e r i s t i c s  which make i t  a very a t t r a c t i v e  test medium f o r  scaled 
dynamic model s tud ies .  
pressure and temperature are compared with those of air  i n  t a b l e  I. The most 
advantageous c h a r a c t e r i s t i c s  are the  high dens i ty  and low speed of sound of 
Freon-12 r e l a t i v e  to  air  a t  t h e  same pressure  and temperature. The r e l a t i v e l y  
low speed of sound is s i g n i f i c a n t  f o r  s eve ra l  reasons. 
i n  which the  reduced-frequency sca l ing  parameter wb/V must be s a t i s f i e d ,  t he  
lower Gunnel speed f o r  a given Mach number reduces d i r e c t l y  a l l  pe r t inen t  f re -  
quencies and, consequently, s imp l i f i e s  instrumentation problems and reduces 
i n e r t i a  loads. For tests involving r o t a t i n g  he l icopter  blades where model and 
fu l l - sca l e  t i p  Mach numbers must be t h e  s a m e ,  the  stresses and hence t h e  
d i f f i c u l t i e s  of f ab r i ca t ion  are reduced. For f l u t t e r  and other dynamic tests, 
where the r a t i o  of s t ruc tura l -dens i ty  t o  test-medium dens i ty  must be t h e  same 
f o r  t he  model as the  a i rp l ane ,  t he  more dense Freon-12 permits heavier models 
t o  be constructed. This is  a d i s t i n c t  advantage when the  d i f f i c u l t y  of fabr i -  
ca t ing  models l i g h t  enough t o  simulate t h e  m a s s  c h a r a c t e r i s t i c s  of a i r c r a f t  
designs with composite s t r u c t u r e s  and active con t ro l s  operating a t  high speeds  
Some of t h e  more important p rope r t i e s  a t  atmospheric 
For dynamic model tests 
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and low a l t i t u d e s  is  considered. The use of Freon-12 as a test medium allows 
t h e  simultaneous s a t i s f a c t i o n  of both Mach number and Froude number f o r  those 
ins tances  where both compressibil i ty and e must be 
For Froude number s i m i l a r i t y ,  a n  approximately 1/5-scale model is required.  
add i t iona l  b e n e f i t  is t h a t ,  f o r  a given model s i z e ,  test conditions of equal 
Mach number and s tagnat ion  pressure  produce a Reynolds number i n  Freon-12 
approximately t h r e e  times t h a t  i n  air. F ina l ly ,  s ince  t h e  power required to  
opera te  a wind tunnel  a t  a given Mach number varies d i r e c t l y  as the  cube of t he  
ve loc i ty ,  t h e  u s e  of Freon-12 o f f e r s  a considerable savings i n  power. 
An 
The p r inc ipa l  uncer ta in ty  associated wi th  t h e  use of Freon-12 as a test 
medium is the  f a c t  t h a t  i ts  s p e c i f i c  heat r a t i o  y is  not t h e  same as t h a t  f o r  
a i r  (1.13 as compared with 1.4),  so  t h a t  q u a n t i t a t i v e  d i f f e rences  e x i s t  between 
t h e  compressibil i ty r e l a t i o n s  f o r  air  and Freon. There have been numerous 
s t u d i e s  of t he  degree t o  which d a t a  obtained from tests i n  Freon-12 can be 
u t i l i z e d  t o  p r e d i c t  flow c h a r a c t e r i s t i c s ,  s t r u c t u r a l  response, o r  s t a b i l i t y  i n  
a i r  ( r e f s .  2 t o  5 ) .  For example, i n  re ferences  2 and 3 ,  t h e  s ign i f i cance  of 
t h i s  d i f f e rence  i n  gas c h a r a c t e r i s t i c s  on s ta t ic  aerodynamic coe f f i c i en t s  w a s  
s tud ied  extensively,  and means f o r  converting Freon-12 d a t a  t o  equivalent air 
values were evaluated. These s t u d i e s  ind ica ted  t h a t  a t  subsonic and low super- 
sonic  Mach numbers t h e  required cor rec t ions  w e r e  s m a l l  and t h a t  the  d i f f e rence  
between the  converted r e s u l t s  by two co r rec t ion  methods, t h e  "transonic similar- 
i t y  rule" and t h e  "streamline s i m i l a r i t y  ru l e , "  were very s m a l l .  
r e p o r t s  t he  r e s u l t s  of an experimental subsonic and t ransonic  f l u t t e r  inves t i -  
ga t ion  of a 45" sweptback wing planform t h a t  w a s  t es ted  i n  a i r  and i n  Freon-12 
i n  t h e  TDT. Comparisons of d a t a  i n  a i r  and i n  Freon-12 indicated t h a t  f o r  sub- 
sonic  and t ransonic  Mach numbers, t h e  f l u t t e r  speed obtained i n  Freon-12 may be 
in t e rp re t ed  d i r e c t l y  as f l u t t e r  speed i n  a i r  a t  the  s a m e  m a s s  r a t i o  and Mach 
number. Without t h e  Freon-12 and air  cor rec t ions ,  t he  Freon-12 data.would 
r e s u l t  i n  a s l i g h t l y  conservative estimate of t h e  f l u t t e r  speed. 
Reference 5 
Although one might i n f e r  from these f l u t t e r  da t a  comparisons t h a t  t he  
e f f e c t  of d i f f e r e n t  r a t i o s  of s p e c i f i c  hea t  f o r  air and Freon-12 are i n s i g n i f i -  
can t  f o r  unsteady aerodynamic fo rces  up t o  low supersonic speeds, t h e  e f f e c t  on 
d e t a i l e d  unsteady pressure d i s t r i b u t i o n s  has only r ecen t ly  been demonstrated 
ana ly t i ca l ly .  
of t h e  pressure d i s t r i b u t i o n  on an  NACA 648006 a i r f o i l  i n  air and i n  Freon-12. 
The a i r f o i l  is o s c i l l a t i n g  i n  p i t c h  about t h e  midchord a t  a low reduced f re -  
quency (k  = 0.06); t h e  Mach number is 0.9. S m a l l  o s c i l l a t i o n s  about a nonuni- 
form mean flow f i e l d  were considered i n  t h e  ca l cu la t ion  which y i e l d s  a l i n e a r  
p o t e n t i a l  flow equation with v a r i a b l e  c o e f f i c i e n t s  t h a t  depend on t h e  steady 
flow f i e l d .  (See r e f .  6.) The s t a t i c  pressure  c o e f f i c i e n t  Ct and t h e  ampli- 
tude and phase angle  of t he  o s c i l l a t i n g  pressure ,  lACpl 
are shown i n  f i g u r e  2 as a func t ion  of chordwise loca t ion .  The rap id  change i n  
t h e  steady pressure  c o e f f i c i e n t  near t h e  65-percent chord loca t ion  indi- 
cates a shock. The p r inc ipa l  d i f f e rence  between the  Freon-12 and a i r  d a t a  is 
seen t o  be t h e  loca t ions  of t h e  peak unsteady pressures 
of t h e  phase ang le  4 i n  t h e  v i c i n i t y  of t h e  shock. Inasmuch as shock waves 
and r e l a t e d  t ransonic  e f f e c t s  tend t o  be less severe f o r  three-dimensional than 
f o r  two-dimensional flow, t h e  e f f e c t s  of y on three-dimensional configurations 
may be  correspondingly milder than those ind ica ted  here. 
needed t o  f u r t h e r  eva lua te  these  e f f e c t s  i n  unsteady flow. 
Figure 2 presents  some r e s u l t s  of a f in i t e -d i f f e rence  ca l cu la t ion  
and , respec t ive ly ,  
Cp 
lACpl  and t h e  values 
Additional study is  
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An experimental study t h a t  w i l l  p a r t i a l l y  f u l f i l l  t h i s  need is  planned f o r  
t h e  near fu tu re ,  The study w i l l  involve t h e  measur es s 
d i s t r i b u t i o n s  on a cropped-tip d e l t a  wing o s c i l l a t i n g  i n  a p i tch ing  and a flap- 
ping mode i n  air  and i n  Freon-12 a t  comparable Reynolds numbers through the  
transonic speed range, The model w i l l  a l s o  have o s c i l l a t i n g  leading- and 
trail ing-edge con t ro l  sur faces  This study should provide needed experimental 
d a t a  f o r  evaluating advanced transonic unsteady aerodynamic theor ies  and f o r  
evaluating t h e  unsteady flow c h a r a c t e r i s t i c s  of air  and Freon-12. 
WIND-TUNNEL AND FLIGHT COMPARISONS 
This s e c t i o n  of the  paper presents s e l ec t ed  examples showing comparisons 
of r e s u l t s  obtained i n  the  TDT and i n  f l i g h t  tests. 
used as a test medium, and t h e  models w e r e  dynamically and a e r o e l a s t i c a l l y  
scaled t o  s u i t a b l y  match f u l l - s c a l e  conditions.  The following top ic s  are 
covered herein: 
I n  a l l  cases Freon-12 w a s  
(1) Gust response 
(2) Buffet  response 
(3)  S t a b i l i t y  de r iva t ive  ex t r ac t ion  
( 4 )  F l u t t e r  
(5) Active con t ro l  of a e r o e l a s t i c  e f f e c t s  
Gust Response 
The response of an a i r c r a f t  t o  atmospheric turbulence is an important 
design consideration from t h e  standpoint of loads,  s t r u c t u r a l  f a t igue ,  and r i d e  
qua l i t y .  The need f o r  an experimental c a p a b i l i t y  f o r - t h e  study of a i r p l a n e  
response t o  gus t  loads  l ed  t o  t h e  development of a technique f o r  generating 
s inusoida l  gus t s  i n  the  test sec t ion  of t h e  TDT. This technique, described i n  
re ference  7 ,  involves measuring t h e  response of an a e r o e l a s t i c a l l y  sca led  model 
i n  simulated f r e e  f l i g h t  t o  a s inusoida l  vertical gus t  f i e l d  generated by 
o s c i l l a t i n g  vanes located upstream of t h e  test section. 
Some key f ea tu res  of t h e  system are i l l u s t r a t e d  i n  f i g u r e  3.  The model is 
suspended i n  t h e  wind-tunnel test  sec t ion  by a two-cable mount system, which 
allows lateral and v e r t i c a l  t r a n s l a t i o n  of t h e  model as w e l l  as angular rota- 
t i o n  about a l l  th ree  axes. (See r e f .  8.) 
The airstream o s c i l l a t o r  cons i s t s  of two sets of b ip lane  vanes mounted on 
each s i d e  of t h e  tes t - sec t ion  entrance. The vanes are o s c i l l a t e d  s inuso ida l ly  
i n  p i t ch  about a zero mean angle  of a t t a c k  a t  frequencies up t o  20 he r t z .  
T ra i l i ng  v o r t i c e s  from the  vane t i p s ,  passing downstream near t h e  s idewal l s  of 
t h e  test sec t ion ,  induce a ve r t i ca l -ve loc i ty  component i n  the  flow f i e l d  near 
t h e  center of t h e  test sec t ion .  
A t yp ica l  v a r i a t i o n  of t h e  v e r t i c a l  gus t  flow angle  wi th  frequency and 
lateral d i s t ance  from the  center  of t he  test sec t ion  is  shown i n  f i g u r e  4 i n  
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t he  form of a three-dimensional p l o t ,  Note t h a t  the  gus t  angle  decreases 
r ap id ly  with increas ing  frequency, and the re  are v a r i a t i o n s  i n  the  flow angle 
across  t h e  tunnel,  
I n i t i a l  a n a l y t i c a l  and experimental s t u d i e s  i n  re ferences  1 and 7 indicated 
t h e  f e a s i b i l i t y  of t he  airstream o s c i l l a t o r  technique. On t h e  bas i s  of these 
encouraging s igns ,  a comparative wind-tunnel, f l i g h t ,  and ana lys i s  study w a s  
undertaken i n  l a te  1960 t h a t  used t h e  B-52E a i r c r a f t  as t h e  test art icle.  
The wind-tunnel program involved a 1/30-size dynamically scaled a e r o e l a s t i c  
model of the  B-52E. (See f i g .  5.) I n  order t o  achieve reasonable simulation of 
t h e  short-period mode on t h e  model, i t  w a s  necessary t o  u s e  a v a r i a t i o n  of t he  
two-cable mount system shown i n  f i g u r e  3 .  I n  t h i s  case, t h e  cables w e r e  pinned 
t o  t h e  model a t  a poin t  near t h e  center of g rav i ty  and t h e  pulleys w e r e  mounted 
a t  t h e  tunnel w a l l  r a t h e r  than wi th in  the  contours of t h e  model fuselage.  This 
mount configuration has a very low r o t a t i o n a l  s t i f f n e s s  i n  p i t c h  and provides 
adequate simulation of the  short-period f r e e - f l i g h t  mode. 
Figure 6 shows a sample of some unpublished r e s u l t s  obtained by L. T. Redd 
and J. Gilman, Jr., of NASA Langley Research Center. Frequency response p l o t s  
of a nondimensional c o e f f i c i e n t  of bending moment a t  t h e  midwing span per degree 
of s inusoida l  v e r t i c a l  gust  angle  are shown f o r  t h ree  cases: (1) wind-tunnel- 
model tests using the  airstream o s c i l l a t o r ,  (2) a n a l y t i c a l  p red ic t ions  f o r  t he  
cable-mounted model, and (3)  f l i g h t  tests using s p e c t r a l  measurements of atmos- 
pher ic  turbulence and the  assoc ia ted  response of t he  a i rp l ane .  These d a t a  w e r e  
produced with t h e  a i d  of The Boeing Company, Wichita Division, under con t r ac t  i n  
a cooperative program by NASA Langley Research Center and t h e  U.S. A i r  Force 
F l i g h t  Dynamics Laboratory. 
With re ference  t o  f i g u r e  6, i t  should be noted t h a t  a t  very low reduced 
frequencies (k = 0.01, where k i s  the  reduced frequency based on t h e  mean 
aerodynamic semichord), t h e  model response i s  af fec ted  by a mount system mode 
and t h e  a i rp l ane  response by spurious pilot-induced motions; a t  higher reduced 
frequencies (k = 0.14), the  low gus t  input level produced by t h e  airstream 
o s c i l l a t o r  ( s ee  f i g .  4 )  leads t o  measurement inaccuracies.  The o v e r a l l  corre- 
l a t i o n s  between wind-tunnel, f l i g h t ,  and a n a l y t i c a l  p red ic t ions  appear t o  be 
good, however, and ind ica t e  t h e  airstream o s c i l l a t o r  t o  be a usefu l  and v a l i d  
wind-tunnel technique fo r  a i r p l a n e  gust loads research. ( I n  t h e  o r a l  vers ion  
of t he  paper a movie c l i p  w a s  used t o  i l l u s t r a t e  gust  response of t h e  model and 
t h e  a i rp lane . )  
Buffet Response 
When b u f f e t  response and load predic t ions  of complete a i r c r a f t  are required,  
a dynamically scaled a e r o e l a s t i c  model test would seem t o  o f f e r  t he  b e s t  hopes 
of obtaining s u i t a b l e  data. Since viscous flow phenomena, including boundary- 
l a y e r  separation, are influenced i n  varying degrees by t h e  va lue  of t h e  Reynolds 
number, t h i s  parameter would appear t o  be somewhat more s i g n i f i c a n t  f o r  bu f fe t  
s t u d i e s  than f o r  f l u t t e r  tests. Although t h e  loca t ions  of l o c a l  shocks and 
commencement of l o c a l  separated flow may be Reynolds number dependent i n  varying 
degrees, depending on the  p a r t i c u l a r  aerodynamic configuration, t he re  i s  some 
247 
experimental evidence t o  suggest t h a t  t he  in tegra ted  e f f e c t s  on the  s t r u c t u r a l  
response and even on t o t a l  l i f t  may be s m a l l  r e l a t i v e  t o  o ther  f 
t h e  accuracy of bu f fe t  loads. 
bu f fe t  loads has  been evaluated i n  re ference  9 by c g the  normal-force 
coe f f i c i en t s  and t h e  scaled bu f fe t  bending moments 
on a 1/8-scale f l u t t e r  model of a variable-sweep f i g h t e r  a i rp l ane  wi th  
measured i n  a fl ight-buffet-research program. (See r e f .  l o . )  The model w a s  
"flown" on t h e  bas i c  cable-mount system described earlier with a l i f t  balancing 
device ( see  f i g .  3 and r e f .  9) which counteract s of t h e  
model weight and thus allowed t h e  model t o  be f s simulating 
high load f a c t o r s  ( i n e r t i a  and p i tch- ra te  e f f e c t s  being neglected, of course). 
Figure 7 compares the  model and fu l l - sca l e  v a r i a t i o n  of normal-force coef- 
The a e r o e l a s t i c  mode 
f i c i e n t  
angles of sweep. The model CN w a s  obtained from a load cel l  on t h e  l i f t  
balancing cable ,  whereas t h e  a i r p l a n e  w a s  obtained from an accelerometer 
located near t h e  center  of grav i ty .  The model Reynolds number range w a s  from 
0.87 x 106 t o  1.33 x 106 compared with f l i g h t  values of 20 x 106 t o  28 x 106. 
The Mach numbers indicated are model values.  The a i r p l a n e  Mach number varied 
from s l i g h t l y  above the  model va lue  of t h e  start  of t h e  maneuver t o  s l i g h t l y  
below t h e  model va lue  a t  t h e  end of t he  maneuver (high angle  of a t t a c k ) .  The 
var iance  w a s  l a r g e r  a t  the  higher sweep angles.  The model and a i r p l a n e  values 
of CN are seen t o  agree reasonably w e l l .  
CN with  angle of a t t a c k  w e l l  beyond t h e  b u f f e t  boundary f o r  t h ree  
CN 
Figure 8 compares the  a i r p l a n e  bu f fe t  response with model-predicted values 
of wing and ho r i zon ta l - t a i l  root-mean-square (rms) bending moments and r m s  
acce le ra t ions  a t  the  center of grav i ty .  The d a t a  are t y p i c a l  i n  t h a t  t h e  f u l l -  
scale-buffet  bending moments on the  wing and hor izonta l  t a i l s  and t h e  center-of- 
g rav i ty  buf fe t  acce le ra t ions  predicted from t h e  model d a t a  agreed w e l l  with 
a i r p l a n e  values a t  a l l  Mach numbers a t  a wing sweep angle  of 26". 
shown here, a t  a wing sweep angle of 50" t h e  agreement w a s  reasonably good a t  
a l l  Mach numbers t e s t ed  f o r  t h e  wing bending moments, but t h e  c o r r e l a t i o n  of 
t h e  model and a i r p l a n e  center-of-gravity acce le ra t ions  and ho r i zon ta l - t a i l  bend- 
ing  moments w a s  not so good a t  t h e  higher Mach numbers. 
a i r p l a n e  and model response w e r e  low and made evaluation of t he  technique 
d i f f i c u l t .  
Although not 
A t  72" sweep, both the  
S t a b i l i t y  Derivative Ext rac t ion  From Cable-Mounted Wind-Tunnel Model T e s t s  
Procedures f o r  determining a i rp l ane  s t a b i l i t y  and c o n t r o l  de r iva t ives  from 
f l i g h t - t e s t  measurements havebeen under development s i n c e  t h e  ea r ly  days of 
aviation. I n  r ecen t  years, however, a widespread surge of i n t e r e s t  i n  t h i s  
area has been t r iggered  by t h e  a v a i l a b i l i t y  of highly automated d a t a  acqu i s i t i on  
systems and advances i n  optimal estimation theory. The cu r ren t  s t a t u s  and pros- 
pec t s  f o r  the  f u t u r e  of t h i s  technology w e r e  top ics  of a recent  s p e c i a l i s t  m e e t -  
ing  on methods of parameter i d e n t i f i c a t i o n  i n  a i r c r a f t  f l i g h t  t e s t ing .  
r e f .  11.) 
(See 
Pa ra l l e l ing  t h i s  focus on f l i g h t - t e s t i n g  techniques is  an  i n t e r e s t  i n  
applying similar procedures f o r  t h e  ex t r ac t ion  of s t a b i l i t y  and c o n t r o l  
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der iva t ives  from "f ree-f lying" a e r o e l a s t i c a l l y  scaled wind-tunnel models Pre- 
liminary ind ica t ions  from t h e o r e t i c a l  s tud ie s  and companion wind-tunnel experi- 
ments are encouraging, 
of a cable-mounted model t o  known input d i s turbances  such as control-surface 
de f l ec t ions  or  ex te rna l  fo rces  applied through t h e  suspension cables.  The sta- 
b i l i t y  de r iva t ives  are then ex t rac ted  from equations of motion f o r  t he  model 
and t h e  suspension system using a maximum-likelihood parameter-estimation algo- 
rithm (based on ref.. 12) which is being developed under con t r ac t  by NASA Langley 
Research Center. 
(p i t ch ,  r o l l ,  yaw, v e r t i c a l  t r a n s l a t i o n ,  and lateral t r a n s l a t i o n )  wherein t h e  
model is t r ea t ed  as an equivalent r i g i d  body. 
t i v e s  therefore  r ep resen t  quas i - s t a t i c  elastic de r iva t ives .  Deformation e f f e c t s  
associated with g r a v i t y  forces  are neglected. However, by u s e  of t h e  l i f t  bal- 
ance mentioned earlier, high-angle-of-attack nonlinear aerodynamic c o e f f i c i e n t s  
may be determined. 
The proposed procedure involves measuring 
The equations of motion represent  f i v e  degrees of freedom 
The derived aerodynamic deriva- 
The procedures described above are, i n  theory, capable of deducing the  
aerodynamic c o e f f i c i e n t s  assoc ia ted  with whatever motions of t h e  model are 
excited by the  known ex te rna l  disturbances.  Numerical experiments using simu- 
l a t e d  "noisy" wind-tunnel d a t a  show promise t h a t  most aerodynamic de r iva t ives  
can be determined wi th  acceptable accuracy. Further assessment of t he  method 
w i l l  be made i n  upcoming wind-tunnel model tests. I n  a previous study a s i m p l i -  
f i e d  vers ion  of such a technique w a s  applied t o  determine ro l l - con t ro l  e f fec t ive-  
ness f o r  a cable-mounted a e r o e l a s t i c  model ( r e f s .  1 and 13) .  The technique and 
some comparisons between wind-tunnel and f l i g h t  r e s u l t s  are summarized below. 
The approach i s  based on t h e  assumption t h a t  t h e  dynamic response of a 
cable-mounted model t o  s inusoida l  a i l e r o n  d e f l e c t i o n  can be represented by a 
single-degree-of-freedom system i n  r o l l .  The r o l l  i n e r t i a  of t he  model, t h e  
spr ing  r e s t r a i n t  of t h e  mount system, and t h e  wind-tunnel test conditions are 
assumed t o  be known; t h e  r o l l  damping c o e f f i c i e n t  C and a i l e r o n  e f f ec t ive -  
ness coe f f i c i en t  Cz6 are t h e  unknowns t o  be determined. The amplitude and 
phase of t he  model-roll response t o  a s inusoida l  a i l e r o n  d e f l e c t i o n  are measured 
over a range of d i s c r e t e  frequencies.  These measurements, when subs t i t u t ed  in to  
t h e  equation of motion, produce a set of redundant a lgebra ic  equations which 
are solved by a least-squares procedure t o  g ive  the  unknown aerodynamics deriva- 
t i v e s  C and C l 6 .  The r a t i o  of these c o e f f i c i e n t s  i s  proportional t o  t h e  
f r ee - f l i gh t  c o n t r o l  e f fec t iveness  which i s  normally expressed i n  t e r m s  of the  
wing-tip he l ix  angle,  pb/2V; where p is r o l l  rate; b, wing span; and V ,  
airspeed. 
l P  
IP 
A comparison of t h e  a i l e r o n  ef fec t iveness  measured i n  f l i g h t  with wind- 
tunnel model p red ic t ion  is  shown i n  f i g u r e  9. These r e s u l t s  are f o r  a l a r g e  
cargo t ranspor t  a i r c r a f t  a t  a Mach number of 0.75. The model da t a  w e r e  obtained 
on a Mach scaled a e r o e l a s t i c  model used previously i n  f l u t t e r  s tud ies .  
t he  a i l e r o n s  become i n e f f e c t i v e  as t h e  a i l e r o n  reversal po in t  is approached, 
r o l l  t r i m  of t h e  model w a s  provided mechanically by d i f f e r e n t i a l  d e f l e c t i o n  of 
t he  hor izonta l  rear cables as shown i n  f i g u r e  3 .  
sons shown i n  f i g u r e  9 ind ica t e  t h a t  t h i s  r e l a t i v e l y  simple test technique can 
Since 
The model and f l i g h t  compari- 
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provide s a t i s f a c t o r y  estimates of not only t h e  r eve r sa l  boundaries, but a l s o  
the  a i l e r o n  ef fec t iveness  of t h e  a i rp l ane  as a function of Mach number and 
dynamic pressure.  
F l u t t e r  
During high-alt i tude f l i g h t  tests of a l a r g e  cargo t ranspor t  a i rp l ane ,  a 
f lu t t e r - type  i n s t a b i l i t y  w a s  encountered on t h e  ho r i zon ta l - t a i l  su r f ace  of t h e  
T - t a i l  empennage. The i n s t a b i l i t y  occurred a t  a Mach number near 0.8 but  only 
during maneuvering f l i g h t  when t h e  e leva tor  w a s  def lec ted  more than about 8" 
i n  e i t h e r  d i r ec t ion .  
o s c i l l a t i o n  involving coupling between e l eva to r  rotat.ion and s t a b i l i z e r  to rs ion  
at  a frequency of about 24 h e r t z .  
two types of con t ro l  sur face  i n s t a b i l i t i e s ,  f l u t t e r  and buzz, i t  has been 
re fer red  t o  as "fluzz.") P r i o r  t o  the  inc iden t ,  f l i g h t  f l u t t e r  tests and 
analyses, which w e r e  f o r  s m a l l  e leva tor  de f l ec t ions ,  ind ica ted  no f l u t t e r  
problems within t h e  a i rp l ane ' s  operating envelope. 
inves t iga t ions  of various proposed so lu t ions ,  such as vor tex  generators,  
dampers, and e l eva to r  m a s s  balance, l ed  t o  t h e  s e l e c t i o n  of increased e leva tor  
mass balance as t h e  most promising solution. (See r e f .  14.) 
The problem w a s  characterized by a l imi ted  amplitude 
(Since t h e  phenomenon had the  earmarks of 
Subsequent f l i g h t  
Because the re  w a s  l i t t l e  o r  no information a v a i l a b l e  i n  the  l i t e r a t u r e  a t  
t h e  t i m e  on i n s t a b i l i t i e s  i n i t i a t e d  by l a r g e  con t ro l  su r f ace  de f l ec t ions ,  an 
experimental study w a s  undertaken i n  t h e  TDT t o  explore t h e  phenomenon fu r the r .  
(See r e f .  15.) Results from t h e  study are summarized i n  f i g u r e  10. It w a s  
found t h a t  t h e  bas i c  i n s t a b i l i t y  phenomenon encountered on the  a i r p l a n e  i n  
f l i g h t  tests w a s  reproduced i n  t h e  wind tunnel although a t  higher predicted 
speeds. Whereas i n  f l i g h t ,  t h e  i n s t a b i l i t y  occurred when t h e  e leva tor  deflec- 
t i o n  exceeded 8" i n  e i t h e r  d i r e c t i o n ,  i t  occurred i n  t h e  wind tunnel only when 
t h e  de f l ec t ion  exceeded 8" i n  one d i r ec t ion ,  t h a t  is, t r a i l i n g  edge down. The 
reason f o r  t h i s  behavior may have been due t o  increased bearing f r i c t i o n  i n  the  
model e leva tor  associated with bending of t h e  t a i l  under s t a t i c  loads.  F ina l ly ,  
i t  should be noted t h a t  t h e  e leva tor  m a s s  balancing used as a so lu t ion  t o  the  
a i rp l ane  f l u t t e r  problem a l s o  eliminated f l u t t e r  on t h e  model. 
Active Control of Aeroe las t ic  E f fec t s  
Active c o n t r o l  system technology today is  adding a new dimension t o  air- 
plane design. Through app l i ca t ion  of a c t i v e  con t ro l  concepts, o r  what has 
become known as CCV (Control Configured Vehicles),  t h e  designer can reap such 
bene f i t s  as weight savings, performance improvements, and b e t t e r  r i d e  qua l i t y .  
Four such app l i ca t ions  and associated p o t e n t i a l  bene f i t s  are (1) reduced s ta t ic  
s t a b i l i t y  leading t o  decreased drag and smaller t a i l  s i z e ,  (2) gu and maneuver 
load a l l e v i a t i o n  leading t o  increased f a t i g u e  l i f e  and/or s t r u c t u r a l  weight 
savings, (3) r i d e  qua l i t y  con t ro l  leading t o  improved crew and passenger comfort, 
and (4) f l u t t e r  suppression leading t o  weight savings o r  increased f l u t t e r  
placard speeds. 
tests, and f l i g h t  tests. (See r e f s .  16 and 17.) Wind-tunnel and f l i g h t  compari- 
sons f o r  two such appl ica t ions  - f l u t t e r  suppression and load a l l e v i a t i o n  - 
are discussed i n  t h e  remaining sec t ions  of t h e  paper. 
A l l  the above have been demonstrated by ana lys i s ,  wind-tunnel 
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Active f l u t t e r  suppression.- To demonstrate t he  f e a s i b i l i t y  of va r ious  
a c t i v e  con t ro l  conceptsg the  U ,  S - A i r  Force F l i g h t  Dynamics Laboratory h i t i a t e d  
a f l i g h t  program wi th  The Boeing Company, Wichita Divis ion,  t o  study Control  
Configured Vehicle concepts us ing  t h e  B-52E a i rp l ane .  (See r e f .  18.) Included 
i n  the  concepts s tud ied  by ana lyses  and f l i g h t  tests w a s  active f l u t t e r  suppres- 
s i o n  o r ,  i n  o ther  words, f l u t t e r  mode cont ro l .  I n  p a r a l l e l  wi th  the  CCV f l i g h t  
program, a companion wind-tunnel-model research  program w a s  undertaken j o i n t l y  
by NASA and the  USAF with  con t r ac t  support  by Boeing (Wichita). (See r e f .  19.) 
The 1/30-size dynamically scaled a e r o e l a s t i c  model of t he  B-52E, used previously 
i n  gus t  research ( f ig .  5 ) ,  w a s  modified t o  s imula te  the  active con t ro l  systems 
of t h e  CCV research  a i rp lane .  Because of t h e  eased weight assoc ia ted  with 
the  minia ture  electromechanical c o n t r o l  system ed t o  the  model, the  model 
could not  s imulate  the  m a s s  s c a l i n g  f a c t o r  f o r  t h e  nominal-weight CCV a i rp l ane .  
Therefore,  f o r  t h e  purpose of comparing wind-tunnel and f l i g h t  r e s u l t s  s p e c i a l  
heavyweight a i r p l a n e  condi t ions w e r e  flown which required in - f l i gh t  r e fue l ing .  
Thus, t h e  airplane w a s  a l t e r e d  t o  match the  wind-tunnel model. 
The wing-f lut ter  mode c o n t r o l  on the  model, l i k e  the  a i r p l a n e ,  involved 
f laperons  and outboard a i l e rons .  Vibratory motions of t he  wing were sensed by 
accelerometers.  These s igna l s  w e r e  sen t  from t h e  model t o  a remotely loca ted ,  
general-purpose analog computer on which t h e  c o n t r o l  l a w s  w e r e  simulated and 
then back again t o  t h e  model as con t ro l  su r f ace  command s igna l s .  Some sample 
r e s u l t s  from t h i s  s tudy (taken from r e f .  19) are presented i n  f i g u r e  11 which 
shows the  e f f e c t  of t he  f l u t t e r  mode con t ro l  system on the  s u b c r i t i c a l  damping 
measured i n  the  wind tunneland i n  f l i g h t .  Note t h a t  t h e  f l u t t e r  speed of t h e  
model is wi th in  8 percent  of t h e  f l u t t e r  speed of the  a i rp l ane ;  damping t rends  
below t h e  f l u t t e r  speed are s i m i l a r  but  t h e  damping of t h e  model i s  higher than 
f o r  t h e  a i rp lane .  I n  view of t h e  high degree of complexity involved i n  the  
wind-tunnel model s imulat ion,  t h i s  agreement i s  considered t o  be very good. I n  
f a c t ,  t h e  wind-tunnel model r e s u l t s  agree more c lose ly  with f l i g h t - t e s t  d a t a  
than ca l cu la t ions  do (not  shown). 
This  f l i g h t  v a l i d a t i o n  of wind-tunnel modeling of a c t i v e  con t ro l  systems 
thus tends t o  e s t a b l i s h  the  technique as an economical, t imely means of ver i fy-  
ing t h e  performance of Control Configured Vehicles  of t h e  fu tu re .  
Active load a l l ev ia t ion . -  Another app l i ca t ion  of active cont ro ls  has been 
developed f o r  t h e  C-5A a i rp l ane  as a means of reducing wing f a t i g u e  damage due 
t o  incremental  maneuver and gust-load sources.  This system, designated t h e  
a c t i v e  l i f t  d i s t r i b u t i o n  con t ro l  system (ALDCS), is  described i n  d e t a i l  i n  
re ference  20. Bas ica l ly ,  t he  ALDCS uses accelerometers located i n  t h e  outer  
wing t o  provide c o n t r o l  su r f ace  command s i g n a l s ,  through t h e  a i rp l ane  s t a b i l i t y  
augmentation system, to  servo a c t u a t o r s  on t h e  a i l e r o n s  and e leva tors .  The 
a i l e r o n s  are de f l ec t ed  t o  r e d i s t r i b u t e  the  a i r  loads on t h e  wing so as t o  
reduce inboard-wing stresses whereas the  e l e v a t o r s  are de f l ec t ed  t o  maintain 
trim. Speci f ic  des ign  goals  f o r  t he  system are t o  reduce t h e  incremental  wing 
r o o t  bending moment by 30 percent  without s i g n i f i c a n t l y  a f f e c t i n g  t h e  perform- 
ance, f l u t t e r  margins, o r  handling q u a l i t i e s  of t h e  C-5A. 
A s  p a r t  of t h e  ALDCS development program, a wind-tunnel study of a 1/22- 
s i z e  dynamically sca led  a e r o e l a s t i c  model equipped with proposed a c t i v e  con t ro l  
system w a s  undertaken i n  the  Langley t ransonic  dynamics tunnel .  The purpose of 
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t h i s  program, which w a s  a j o i n t  e f f o r t  of t h e  U.S, A i r  Force, Lockheed Georgia 
Company, and t h e  Langley Research Center w a s  t o  gain added confidence i n  t h e  
ALDCS and t o  eva lua te  i ts  poss ib le  e f f e c t  on f l u t t e r  before unde 
tests, The model is shown i n  f i g u r e  12 ,  Unlike on 
t h e  B-52 model described earlier, the  C-SA model con t ro l  system w a s  powered by 
an onboard hydraul ic  system. The dynamic response c h a r a c t e r i s t i c s  (gain and 
phase lag)  of t h i s  system matched those of t h e  a i rp l ane  up t o  frequencies of 
35 he r t z  on t h e  model. 
The wind-tunnel model program included a number of f a c e t s ,  one being t o  
eva lua te  the e f fec t iveness  of t h e  ALDCS by measuring t h e  wing bending-moment 
response t o  s inusoida l  a i l e r o n  frequency sweeps. S i m i l a r  measurements were 
obtained i n  f l i g h t  f o r  comparable conditions. Sone t y p i c a l  r e s u l t s  from wind- 
tunnel and f l i g h t  tests are presented i n  f i g u r e  13. This f i g u r e  shows the  
v a r i a t i o n  with a i l e r o n  frequency of t h e  wing-root bending moment normalized t o  
t h e  maximum bending moment wi th  ALDCS off which occurs a t  about 1 h e r t z ,  t he  
wing fundamental bending frequency. The o v e r a l l  t rends  f o r  the  a i r p l a n e  and t h e  
model are s i m i l a r ;  however, t h e  a i rp l ane  system is apparently more e f f e c t i v e  
than w a s  predicted by the  model. 
c i a t ed  with t h e  f a c t  t h a t  t h e  a i l e r o n  con t ro l  e f fec t iveness  measured s t a t i c a l l y  
on the  model w a s  only about two-thirds of t h a t  measured on the  a i rp l ane .  
a i l e rons  were sealed on t h e  a i r p l a n e  but no t  on the  model.) 
The cause of t h i s  d i f f e rence  could be  asso- 
(The 
A second d i f f e rence  t o  be noted is t h e  peak on t h e  model response a t  
approximately 1 / 2  he r t z  (scaled t o  a i rp lane)  with t h e  ALDCS on. 
believed to  be due t o  coupling between t h e  active con t ro l  system and t h e  model 
mount system. Similar coupling e f f e c t s  have been observed i n  test of t h e  B-52 
model with a simulated active-ride-control system. Here, the  feedback gains of 
t h e  ride-control system had t o  be reduced i n  order t o  avoid an i n s t a b i l i t y  
a r i s i n g  from t h e  con t ro l  system coupling with mount system modes. 
improvements i n  model mount systems are needed to  permit more accura te  simula- 
t i o n  of the a c t i v e  cont ro l  systems designed t o  modify t h e  a i r p l a n e  rigid-body 
dynamics. 
This i s  
Thus, 
( In  the  o r a l  vers ion  of t he  paper a movie c l i p  w a s  used t o  show some 
e f f e c t s  of a c t i v e  cont ro ls  on a e r o e l a s t i c  response of t h e  B-52 and 6-5A i n  
f l i g h t  and of models i n  t h e  wind tunnel.) 
CONCLUDING REMARKS 
This paper has attempted t o  assess t h e  v a l i d i t y  of pred ic t ions  obtained 
from dynamically scaled a e r o e l a s t i c  models i n  t h e  Langley transonic dynamics 
tunnel t ha t  uses Freon-12 as a test medium. To t h i s  end wind-tunnel and f l i g h t -  
test r e s u l t s  per ta in ing  t o  var ious  a e r o e l a s t i c  problem areas w e r e  brought 
together i n  one p lace  fo r  comparative evaluations.  These areas include gus t  
and bu f fe t  response, con t ro l  sur face  e f fec t iveness ,  f l u t t e r  and active cont ro l  
of a e r o e l a s t i c  e f f e c t s .  Some bene f i t s  and shortcomings of Freon-12 as a test 
medium were a l s o  discussed e 
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Although some u n c e r t a i n t i e s  remain, and t h e r e  is  t h e  continuing need f o r  
improvements i n  simulation and t e s t i n g  techniques, t he  r e s u l t s  presented here in  
i n d i c a t e  t h a t  t h e  pred ic t ions  from wind-tunnel s tud ie s  are, i n  general ,  sub- 
s t a n t i a t e d  by f u l l - s c a l e  f l i g h t  measurements. During t h e  15-year period s ince  
t h e  Langley t ransonic  dynamics tunnel w a s  put i n t o  operation, a e r o e l a s t i c  
s t u d i e s  i n  t h i s  f a c i l i t y  have provided a highly e f f e c t i v e  means of gaining 
i n s i g h t  i n t o  new phenomena, ve r i fy ing  a n a l y t i c a l  methods, and e s t ab l i sh ing  
f l i g h t  s a f e t y  - espec ia l ly  i n  t h e  important transonic range where present  
a n a l y t i c a l  methods are usua l ly  inadequate. 
F ina l ly ,  i t  should be noted t h a t  with t h e  ex i s t ing  c a p a b i l i t i e s  of t he  
Langley transonic dynamics tunnel ,  it is o f t e n  d i f f i c u l t  t o  f a b r i c a t e  models 
l i g h t  enough t o  s a t i s f y  mass-scaling requirements f o r  cu r ren t  a i r c r a f t  designs. 
For f u t u r e  designs,  embodying composite s t r u c t u r e s  and a c t i v e  con t ro l  systems, 
t h i s  d i f f i c u l t y  i s  l i k e l y  t o  be compounded many fo ld .  
emerging problems, p lanning- i s  underway t o  increase ,  by 50 percent, t h e  maximum 
power and thus t h e  maximum s t agna t ion  pressure of t he  Langley transonic 
dynamics tunnel. 
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TABLE I. COMPARISON OF SELECTED A I R  AND FREON-12 PROPERTIES 
AT ATMOSPHERIC PWSSURE AND TEMPERATURE 
Proper ty  Freon-12 A i r  F r  eon-l2/air  
S p e c i f i c  h e a t ,  y 
3 Densi ty ,  p, kg/m 
1.13 
4.896 
1 . 4  0.807 
1,226 3.99 
Speed of sound, a, m / s e c  152 341 0.446 
12.81 x 18.1 x 0.708 Viscos i ty ,  1-1, N - s e c / m  2 
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MACH NUMBER: 
REYNOLDS NUMBER, FREON-12: 0 TO 2.59 x 106/m, (0 TO 8.5 x 106/ft) 
AIR: 0 TO 0.85 x 106/m, (0 TO 2.8 x 106/ft) 
TOTAL PRESSURE, abs 
DYNAMIC PRESSURE,FREON-IZ: 0 TO 16.8 kN/m2 (0 TO 350 lb/ft2t2, 
, AIR: 0 TO 10.1 kN/m2 (0 TO 210 Ib/ft2) 
TEST SECTION StZE: 
0.69 TO 100 k W m 2  (0.1 TO 14.7 psia) 
4.87 m x 4.87 m, (16 ft X 16 ft) 
Figure  1.- NASA Langley t r a n s o n i c  dynamics trunnel. 
- - -0 - - FREON-12 (y = 1.13) 
-AIR (y = 1.40) 40r k = 0.06 
0 .2 .4 .6 .8 1.0 
NACA 64 006 XIC 
Figure  2.- Calculated p r e s s u r e  d i s t r i b u t i o n s  f o r  




Figure 3 . -  Some aeroe las t ic  model t e s t ing  fea tures  




Figure 4.- Typical var ia t ion  of gust flow angle 
with reduced frequency and lateral  posi t ion f o r  
k6" osc i l l a t ing  vane angle. 
c = 0 . 2 3 3  m.) 
(V = 3 5 . 4  m / s e c  and 
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Figure 5.- V i e w  of B-52 a e r o e l a s t i c  model showing 
gust-generating vanes. 
PER d e g  
0 .04 .08 .I2 .I6 .20 
REDUCED FREQUENCY, k 
Figure 6 . -  Frequency response of B-52 from f l i g h t  
tests and wind-tunnel model tests using gust- 
generating vanes * 
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Figure 7.- Comparison of model and a i rp l ane  
v a r i a t i o n  with angle of a t t a c k  ( re f .  9 ) .  
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Figure 8.- Comparison of b u f f e t  response from air- 
plane and model tests normalized t o  a i r p l a n e  
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Figure 9.- Comparison of flight measurements 
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Figure 10.- Comparison of flight measurements and 
model-predicted flutter of T-tail with deflected 
elevator (ref. 15). 
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Figure 11.- Effect of flutter mode control system 
on damping of B-52 CCV model and airplane 
(ref. 19). 
Figure 12.- Model of C-5A with active lift 
distribution control system in Langley 
transonic dynamics tunnel. 
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Figure 13 .- Characteristics of C-5A active lift 
distribution control system determined in 
wind-tunnel and in flight tests. 
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